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Abstract
Degradation of polyethylene was performed over MCM-41 molecular sieves modified with heteropoly
acid H3PW12O40 (HPW) and its caesium salt CsHPW12O40 (CsHPW). High silica zeolite ZSM-5 has also
been used as degradation catalyst. The applied catalysts (HPW/MCM-41, CsHPW/MCM-41 and ZSM-5
zeolite) resulted in lowering of temperature of HDPE degradation when compared to the thermal pyrolysis
as well as influenced the distribution of the products formed as a result of the cracking process. HPW/
MCM-41 use resulted in low amount of gas products and almost 80 wt.% of liquids while cracking over HZSM-5 produced gas hydrocarbons with selectivity about 50 wt.%. Liquid product obtained in the presence
of HPW/MCM-41 comprised aliphatic hydrocarbons (olefins and paraffins) while cracking carried out over
ZSM-5 zeolite resulted mainly in the formation of aromatic compounds.
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Introduction
Thermal and catalytic degradation of waste polymers has
attracted great attention as a promising technology for waste
material utilization and also as an additional source of clean
fuels. The disposal of waste polymers by means of landfilling cannot be further accepted because of a decrease in landfill availability and also of the cost increase. Incineration of
waste polymers results in environmental danger because of
emissions of very different combustion products. Therefore,
the chemical degradation of spent polymers towards clean
liquid fuel or valuable chemicals has been undertaken in
many papers. Thermal degradation usually leads to liquid
product containing a mixture of hydrocarbons with a wide
range of carbon number (C6–C25) with maximum about C1
–C15 [1–3], while the use of acidic catalyst usually moves
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the maximum towards shorter hydrocarbons. Silica alumina,
zeolites as well as mesoporous materials were tested as catalysts for polymer degradation [4-6]. Mesoporous materials
due to the large pore diameter seem to be especially suitable
as catalysts for waste polymer degradation. However, all
silica mesoporous molecular sieves show very low acidity.
The introduction of aluminium ions in MCM-41 framework
increases acidity insignificantly, resulting simultaneously in
a decrease in the thermal stability of modified material [7].
According to Sakata et al. [8] even non acidic mesoporous
silica influenced the polypropylene degradation, which was
due to hexagonal pore structure. However, the presence of
the acidic centres is crucial for the cracking process. Many
attempts have been made to generate acidic sites in the pores
of MCM–41 molecular sieve [9, 10]. We have reported earlier that encapsulation of heteropoly acids into MCM–41
pores resulted in the formation of a very acidic system,
which was very active for bisphenol–A synthesis in a liquid
phase [11].
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Considering the above, in the paper we present polyethylene degradation performed over MCM–41 molecular
sieves modified with heteropoly compounds. 12-tungstophosphoric acid (H3PW12O40) and its insoluble nonstoichiometric caesium salt (CsH)3PW12O40) were introduced
into mesopores and used for polyethylene degradation.
For comparison, ZSM-5 zeolite was also applied as catalyst for the reaction under study.

Experimental Procedure
MCM-41 was synthesized according to [12] use of the
initial gel of the following molar composition: 12xSiO2:
0.11 NaOH: 0.08xTMAOH: 0.21xMTMABr: 125xH2O.
The following materials were used for synthesis:
TEOS (Tetraethoxysilane) – commercial product from
Aldrich, used as a source of silicon.
MTMABr (Myristyltrimethylammonium bromide –
CH3(CH2)13N(CH3)3Br) – commercial product from Aldrich, used as template;
TMAOH (Tetramethyl ammonium hydroxide –
(CH3)4NOH x 5H2O) – commercial product from Aldrich.
The initial gel was crystallized at 80°C for 96 h. The
product was washed with deionized water, filtered and
dried at 100°C and finally calcined at 520°C for 1 h in
nitrogen and then for 5 h in air at the same temperature.
The procedure was presented in Scheme 1.
12-tunsto phosphoric heteropoly acid (HPW) from Aldrich was supported on MCM-41 from methanol solution

Scheme 1. The procedure of mesoporous material (MCM-41)
synthesis.

by means of refluxing for 3 h. After filtration the samples
were dried at 100°C and calcined at 450°C for 2 h. Concentration of HPW in MCM-41 matrix calculated from the
tungsten amount measured by ICP method was about 50
wt.% (it relates to about 2 mol.% of HPW). Caesium salt
of HPW on MCM-41 was synthesised by means of reaction of stoichiometric amount of Cs2CO3 in methanol with
earlier supported HPW (one caesium cation related to one
HPW molecule). Stabilization of HPW on MCM-41 by
means of interaction with silanol OH groups with subsequent formation of nonstoichiometric caesium salt was
presented in Scheme 2.
All the catalysts were characterized by FT-IR spectra
and XRD patterns. Surface area and pore diameter were
determined by means of nitrogen adsorption at 77 K using ASAP 2000 apparatus (from Micromeritics). XRD
patterns were recorded with Brucker diffractometer using
CuKα radiation and they were presented in Fig. 1.
Zeolite ZSM-5 of Si/Al ratio equal to 25 was kindly
delivered from Süd Chemie. Protonic form of zeolites
ZSM-5 was prepared by means of exchange procedure
with ammonium ions from aqueous solution with the fol-

Scheme 2. Interaction of HPW with silanol groups of silica
MCM-41 and subsequent formation of nonstoichiometric caesium salt.

Fig. 1. XDR powder diffraction pattern of MCM-41 after template removal.
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lowing calcinations. Acidity of the samples was estimated
on the grounds of the activity for cumene cracking. The
results are presented in Fig. 2
Polymer (10 g) and catalyst (0.5 g) were placed in
heated glass reactor, which was connected to receiver
equipped with liquid condesor. The process was performed at 390–400°C (H-ZSM-5, HPW/MCM-41, CsHPW/MCM-41) and at 440°C (thermal pyrolysis). Gas
products were collected in gas-burette. Liquid products
were analyzed by GC equipped with FID detector and
10 m non polar HP-1 column.
GC MS analysis was performed on AMD 402 apparatus.

Fig. 2. Cumene cracking performed on unmodified and heteropoly compounds modified MCM-41.

Results and Discussion
It is commonly known that hydrocarbon cracking is catalysed by protonic acidic centres. Solid acids like silica alumina
and zeolites were applied for this process. Acidic solids, especially zeolites, have also been used for polyolefin recycling by
means of cracking process [5, 6, 13], however, the diameter of
zeolite micropores brought about a limited contact of polymer
with acidic centres located inside the channels and cells. Disclosure of mesoporous molecular sieves delivered exceptional
potential catalysts for polymer degradation; however, the acidity of this material appeared to be very low. Modification of
mesoporous material structure in order to generate a stronger
acidity (by means of introduction of aluminium atoms into
structure) resulted in the appearance of acidic centres; however, the thermal stability of modified molecular sieves become
lower. Our earlier experiments with modification of M41S
molecular sieves with heteropoly acids to generate acidic centres inside the pores appeared successful. HPW/MCM-41 and
CsHPW/MCM-41showed high acidity and in consequence a
great activity for bisphenol A synthesis and, additionally, the
size of modified pores resulted in very high p-selectivity [11].
Therefore, it seemed justified to apply all silica mesoporous
molecular sieves Si-MCM-41 modified with HPW and (Cs,H)
PW as catalysts for polyolefin’s cracking.
Already unmodified Si-MCM-41, used as catalysts for
polyolefin’s degradation, resulted in lowering of degradation temperature when compared to thermal pyrolysis
(Fig. 3). Polyethylene degradation perfomed in the pres-

Fig. 3. Product distribution of polymer cracking performed in the presence of different catalysts under atmospheric pressure. Virgin
HDPE and waste polyolefin packing were used as a row material.
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ence of Si-MCM-41 occurred at a lower temperature
(400°C), while thermal pyrolysis required 440°C. On the
other hand, product distribution was similar in both processes. (Fig. 3). The similarity in product distribution was
not surprising considering that Si-MCM-41 molecular
sieves showed only silanol OH groups. However, Sakata et al. [8] have indicated that the hexagonal structure
of mesoporous sieves, used for polyolefin degradation,
changed distribution of hydrocarbons present in a liquid
product. Seddegi et al. [13] have found that the cracking
process over Si-MCM-41 molecular sieves results in the
products, which indicates the carbenium ion mechanism
of the reaction. In consequence, the authors claimed that
silanol groups present in all silica mesoporous material
showed an acidic character. However, it cannot be excluded that some impurities of aluminium, originating from
an inorganic reagent, may be introduced into MCM-41
structure leading to an appearance of acidic centres. On
the other hand, many authors [14, 15, 16] have claimed
that insertion of aluminium into silica mesoporous material generated rather weak acidic centres, which were
insufficient for the reactions requiring a strong acidity,
like cracking. Unmodified MCM-41 used as catalyst for
model reaction of cumene cracking did not show any catalytic activity (Fig. 2). Katovic et al. [17] reported, that
Al-MCM-41 in contact with ammonia show very weak
IR spectra described to ammonium ion, formed as a result
of proton transfer from OH group to ammonia. It indicated that the number of acidic groups, able to interact
with such a strong base, as ammonia, was very low. Additionally, thermal treatment, applied for template removal,
may easily extract aluminium from MCM-41 structure to
extraframework positions [18]. Considering the above,
even if some aluminium impurities were introduced into
MCM-41 structure during synthesis, they should influence the polymer cracking very slightly. Nevertheless, the
comparison of the distribution of liquid hydrocarbons obtained over all silica mesoporous molecular sieve used for
polyethylene degradation, with the product composition

resulting from thermal pyrolysis has pointed at some differences (Fig. 4). Thermal degradation resulted in about
40 mol.% of petrol-like hydrocarbon fractions (C6 – C12)
and in about 60 mol.% of higher hydrocarbons, while in
the presence of Si- MCM-41 catalyst, the contribution of
petrol like fraction increased almost to 56 mol.%.
The generation of acidic centres in M41S channels
by means of encapsulation of heteropoly acids resulted
in distinctively higher yield of liquid product and in a
very little amount of gas product (Fig. 3). Accommodation of caesium salt (CsHPW) in MCM-41 channels led
to a little lower polymer conversion. An unreacted residue came to about 30 wt.%. Lower activity of CsHPW/
MCM-41 may be due to partial blockage of MCM-41
channels with bulky, non soluble CsHPW. The partial
blockade of mesoporous by CsHPW was reported in
the earlier work [11]. Narrower entrance to the channels results in limited contact of polymer with acidic
centres located inside the channels. Additionally, part
of acidic protons was substituted by caesium cations,
which resulted in lowering the number of acidic centres
in modified system. It was confirmed by lower activity of CsHPW/MCM-41 for cumene cracking, when
compared to HPW/MCM-41 (Fig. 2). HPW supported
on amorphous silica showed relatively high polymer
decomposition (Fig. 3) as the acidic centres were easily available for reagents. The use of HPW-modified
Si-MCM-41 as catalyst for polyolefin degradation led
to decrease temperature of polymer degradation when
compared to thermal pyrolysis of about 40°C and also
influenced the product composition. The amount of liquids increased from 62 wt.%, obtained in thermal pyrolysis process, to 80 wt.%, in the presence of HPW/
MCM-41 (Fig. 3). Contribution of gas products decreased significantly (Fig. 3), and instead of C1 and C2
hydrocarbons being major ingredients in gas phase from
thermal pyrolysis of HPDE, mainly C3 and C4 appeared
after catalytic cracking, performed in the presence of
HPW/MCM-41 and CsHPW/MCM-41 (Fig. 5).

Fig. 4. Carbon number distribution of liquid products from thermal and catalytic degradation of HDPE performed at 400°C
(HPW/MCM-41* – the second run).

Fig. 5. Carbon number distribution of gas product from thermal
and catalytic degradation of HDPE performed at 400°C.
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Fig. 6 Alkanes and alkenes distribution of liquid products from thermal (A) and catalytic (B- HPW/MCM-41) degradation of HDPE.

Fig. 7. (7A) – GC MS analysis of the first drops of liquids obtained from catalytic degradation of HDPE performed at 400°C in the
presence of H-ZSM-5; inset, (7B) GC MS analysis of liquids obtained after 2 h of catalytic degradation of HDPE performed at 400°C
in the presence of H-ZSM-5.

A liquid produced by HDPE degradation over HPW/
MCM-41 contains a significant amount of petrol-like hydrocarbons (contribution of C6 – C12 fraction shows about
90 mol.% – Fig. 4). Caesium salt of HPW encapsulated in
MCM-41 resulted in the formation of about 80 mol.% of
petrol-like fraction.
Liquid products received as a result of degradation
process contained paraffins and olefins; however, the paraffins prevailed both in the presence and the absence of a
catalyst. Fig. 6 presents the contribution of paraffins and
olefins in liquids produced from thermal pyrolysis (A)

and from catalytic process performed in the presence of
HPW/MCM-41 catalyst (B). Spent HPW/MCM-41 catalyst applied for polymer degradation, showed only a little
lower activity for polymer conversion (Fig. 3); however,
the distribution of the hydrocarbons in the liquid product
resembled this noted for pyrolysis process (Fig. 4). It indicates that the availability of acidic centres was limited,
probably because of heavy product adsorption (catalyst
was used in the second run without regeneration).
Polymer degradation over H-ZSM-5 zeolite occurred
at a temperature lower than that required for thermal py-
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rolysis. The rate of degradation was also faster and the
process was completed after 2 h on stream, while thermal
pyrolysis of the same amount of polymer occurred for 5
h. The conversion to gas hydrocarbons (C1–C4) achieved
about 50 wt.% (Fig. 3) and the main ingredients of gas
product were hydrocarbons C4 and C3 (90 mol.%) instead
of C1 and C2 resulting from thermal pyrolysis. (Fig. 5). On
the grounds of GC-MS analysis it was shown that the liquid product resulted from HDPE degradation over ZSM-5
zeolite contained mainly aromatic hydrocarbons, which
substituted for benzene (Fig. 7 B). GC-MS analysis of the
initial drops of liquid products from HDPE degradation
performed over H-ZSM-5 showed the presence both aliphatic hydrocarbons and some amounts of the aromatic
ones (Fig. 7 A), while the liquids collected after 2 h of
the reaction comprised mainly benzene-substituted compounds (Fig. 7 B). It suggested that the long contact time
of liquids with catalyst of MFI structure resulted in aromatization. Zeolites ZSM-5 are known as catalysts active for
aromatization reaction. The subsequent runs performed
over regenerated zeolite ZSM-5 resulted in practically the
same yield of liquid and gas products as it was noted over
the fresh catalyst.
Degradation of polyethylene spent packing both by
non catalytic and catalytic procedure required a higher
temperature (450°C) when compared to the virgin HDPE
(about 400°C). The distribution of products (residue, liquids and gas hydrocarbons) for non-catalytic and catalytic
(performed over CsHPW/MCM-41) processes was very
similar Considering the high thermal stability of CsHPW
(the Keggin structure is prevented up to 600°C [19, 20]).
It seems probable that additives modifying plastics, partly
neutralize the acidic centres, leading to lowering of catalytic activity.
Gas product resulting both from pyrolysis and from
catalytic degradation of spent PE packing contained
mainly C1, C2 and C3 hydrocarbons with only traces of C4.
Distribution of liquid hydrocarbons resulting from polyethylene packing catalytic degradation did not show clear
maximum; however, the petrol fraction (C6–C12) made up
62%. Contrary to virgin HDPE, the ratio of parafins and
olefins was about 1, while virgin HDPE degradation resulted in higher part of saturated hydrocarbons.
The use of H-ZSM-5 zeolite for spent PE decomposition resulted, similarly as for virgin HDPE, in high yield
of gas products containing mainly C3 and C4 hydrocarbons, while the liquids were composed mainly of aromatic hydrocarbons.

Conclusions
1. MCM-41 molecular sieves modified with heteropoly
compounds catalyse degradation of polyethylene material with the formation of liquids containing predominantly petrol-like hydrocarbons (C6–C12).
2.	Only aliphatic hydrocarbons (paraffins and olefins
with the molar ratio of an/en about 1.6) were formed

as a result of catalytic cracking of HDPE in the presence of HPW/MCM-41 and CsHPW/MCM-41.
3. Polyethylene degradation over ZSM-5 zeolites produced liquids contained mainly aromatic hydrocarbons, while gas product formed with high yield was
predominantly composed of C3 and C4 hydrocarbons.

References
1.	UDDIN M. A., KOIZUMI K., MURATA K., SUKATA Y.,
Thermal and catalytic degradation of structurally different
types of polyethylene into fuel oil. Polymer degradation and
stability, 56, 37, 1997.
2.	ZHOU Q., ZHENG L., WANG YU-Z., ZHAO G.-M.,
WANG B., Catalytic degradation of low-density polyethylene and polypropylene using modified ZSM-5 zeolites.
Polymer degradation and stability, 84 493, 2004.
3. SERRANO D. P., AGUADO J., ESCOLA J. M., Catalytic
Cracking of a Polyolefin Mixture over different acid solid
catalysts. Ind. Eng. Chem. Res. 39, 1177, 2000.
4. AGUADO J., SERRANO D. P., SAN MIGUEL G., ESCOLA J. M., RODRÍGUEZ J. M Catalytic activity of zeolitic
and mesostructured catalysts in the cracking of pure and
waste polyolefins. J. Anal. Appl. Pyrolysis 78, 153, 2007.
5. MASTRAL J. F., BERRUECO C., GEA M., CEAMANOS
J., Catalytic degradation of high density polyethylene over
nanocrystalline HZSM-5 zeolite. Polymer degradation and
stability. 91, 3330, 2006.
6. SERRANO D. P., AGUADO J., ESCOLA J. M., Catalytic
conversion of polystyrene over HMCM-41, HZSM-5 and
amorphous SiO2-Al2O3: comparison with thermal cracking.
Appl. Catal. B: Environmental 25, 183, 2000.
7.	KOCH, U. BÖHMER, A. KLEMT, W. RESCHETILOWSKI, M. STÖCKER, Influence of ion exchange and calcination on pore size and thermal stability of MCM-41 with different Si/Al ratios. J. Chem. Soc, Faraday Trans., 94, 817,
1998.
8.	UDDIN A., SAKATA Y., MUTO A., SHIRAGA Y., KOIZUMI K., KANADA Y., MURATA K., Catalytic degradation
of polyethylene and polypropylene into liquid hydrocarbons
with mesoporous silica. Microporous and Mesoporous Materials, 21, 557, 1998.
9. CORMA A., From Microporous to mesoporous molecular
sieve materials and their use in catalysis. Chem. Rev., 97,
2373, 1997.
10.	HUNGER M, SCHENK U., BREUNINGER M., GLÄSER
R., WEITKAMP J., Characterization of theacid sites in MCM41-type materials by spectroscopic and catalytic techniques.
Microporous and Mesoporous Materials, 27, 261, 1999.
11. NOWIŃSKA K., KALETA W., Synthesis of bisphenol-A
over heteropoly compounds encapsulated into mesoporous
molecular sieves. Appl. Catal. A: General, 203, 91, 2000.
12. CARVALHO W. A., VARALDO P. B., WALLAN M.,
SCHURCHARDT U., Mesoporous redox molecular sieves
analogous to MCM-41. Zeolites, 18, 408, 1997.
13. SEDDEGI Z. S., BUDRTHUMAL U., AL-ARFAJ A. A.,
AL-AMER A. M., BARRI S. A. I., Catalytic cracking of

Catalytic Degradation...
polyethylene over all-silica MCM-41 molecular sieve. Appl.
Catal. A: General 225, 167, 2002.
14.	TUEL A., Modification of mesoporous silicas by incorporation of heteroelements in the framework. Micropor. Mesopor. Mater. 27, 151, 1999.
15.	TRONG ON D., DESPLANTIER-GISCARD D., DANUMAH C., KALIAGUINE S., Perspectives in catalytic applications of mesostructured materials. Appl. Catal. A: General
222, 299, 2001.
16. CHAKRABORTY B., VISWANATHAN B., Surface acidity of MCM-41 by in situ IR studies of pyridine adsorption.
Catal. Today 49, 253, 1999.
17.	KATOVIC A., GIORDANO G., BONELLI B., ONIDA B.,

31
GARRONE E., LENTZ P., NAGY J. B., Preparation and
characterization of mesoporous molecular sieves containing
Al, Fe or Zn. Micropor. Mesopor. Mater.44-45, 275, 2001.
18. MOKAYA R., Al Content Dependent Hydrothermal Stability of Directly Synthesised Aluminosilicate MCM-41. J.
Phys. Chem. B 104, 8279, 2000.
19. SOUTHWARD B. W. L., VAUGHAN J. S.,O’CONNOR C.
T., Infrared and thermal analysis studies of heteropoly acids.
J. Catal. 153, 293, 1995.
20.	HABER J., PAMIN K., MATACHOWSKI L., NAPRUSZEWSKA B., POŁTOWICZ J., Potassium and silver salts of
tungstophosphoric acid as catalysts in dehydration of ethanol and hydration of ethylene. J. Catal. 207, 296, 2002.

